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Abstract—The revolution in the low earth orbit (LEO) satellite
networks will impose changes on their communication models,
shifting from the classical bent-pipe architectures to more so-
phisticated networking platforms. Triggered by the technological
advancements in the microelectronics and micro-systems, the
terahertz (THz) band emerges as a strong candidate for the
associated inter-satellite link (ISL) due to its high data rate
promise. Yet, the propagation conditions of the THz band need to
be properly modeled and/or controlled by utilizing reconfigurable
intelligent surfaces (RISs) to assess their full potential. In this
work, we first provide an assessment of the use of THz for the
ISL, and quantify the impact of the misalignment fading on the
error performance. Then, to compensate for the high path loss
associated with the high carrier frequencies, we propose the use
of RISs that are mounted on the neighboring satellites to enable
signal propagation and to further improve the signal–to–noise
ratio (SNR). Based on the mathematical analysis of the problem,
we present the closed-form error rate expressions for RIS-assisted
ISLs under misalignment fading. Numerical results demonstrate
that the proposed RIS empowered THz communication solution
reveals significant performance improvement introduced by the
usage of RIS.
Index Terms—Inter-satellite links (ISLs), low earth orbit (LEO)
satellite networks, terahertz (THz) band, reconfigurable intelli-
gent surfaces (RISs).
I. INTRODUCTION
Due to today’s space technologies, satellite production and
deployment costs are significantly reduced. As a result, low
earth orbit (LEO) satellites are becoming an attractive ap-
proach for ubiquitous and low-latency communications [1].
The unprecedented growth in LEO satellite deployments open
new horizons for the wireless communication world. For ex-
ample, SpaceX, which plans to locate thousands of satellites in
LEO and lower orbits to cover the vast majority of the world’s
population, aims for seamless and low latency communication
between satellites to enable the ubiquitous connection [2].
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To satisfy these demands, flexible connectivity solutions, new
types of satellites supporting cooperation in satellites and
multi-band are needed. Furthermore, it is envisioned that small
satellites will be key drivers for the space communications
owing to low production and deployment costs considering
the cost of moving a satellite to orbit [3]. Therefore, the
requirements for satellite communications need to be revised
and redefined to suit small satellites with relatively low power
transmission capacities. At this point, it can be considered
that using terahertz (THz) waves in inter-satellite links (ISLs)
will be a solution for both frequency scarcity and high data
rate needs [4]. However, the measurement results show that
THz waves suffer from severe path loss [5, 6]. Fortunately,
the main contribution to loss due to molecular absorption is
not matter for the space applications of THz waves. Even
so, the presence of the misalignment between transmitter and
receiver antennas dramatically decreases the received power as
shown in [7, 8] due to their narrow beams and high directiv-
ity. Taking the transmission power limits of LEO satellites
into account, utilizing the software-controlled surfaces can
satisfy the requirements of the energy-efficient communication
framework for THz links [9]. Recently, transmission through
reconfigurable intelligent surfaces (RISs) has been proposed
as a novel communication technology with a high poten-
tial [10]. A RIS consists of many passive elements on top
of a plane and it allows to shape of the propagation medium
by altering the phase shifts of each element intelligently.
The main advantage of the RISs is their operations without
active elements, which requires power, whereas multiple–input
multiple–output (MIMO) and relay-based approaches employ
active elements. Furthermore, the RISs do not need complex
processing, and coding [11]. In this respect, it is very suitable
for small satellites with low power consumption requirements.
As detailed in [12], RISs can provide energy efficiency for
the same quality of service (QoS) level. Due to the energy
efficiency and low complexity provided by RIS, their use is
expected to be a game-changer with THz waves for small
satellites of the future.
In this study, RIS-assisted THz band ISLs in LEO con-
stellations, as depicted in Fig. 1, are investigated to meet
the requirements such as low-latency, ubiquitous connectivity,
high data rate, and low-complexity. Besides, RISs can allow
flexibility in the possible transmission direction, which is
originally restricted with four nearby satellites in Starlink con-
stellations [13]. Considering this, we propose the cooperation
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Fig. 1. The system model of a RIS-empowered ISL. The distance between
the source (Sat-S) and the relay (Sat-R) is dSR. Sat-R is equipped with a
RIS that is composed of N elements. The distance between the relay and the
destination (Sat-D) is dRD .
between RIS-assisted satellites in both the same orbit and
nearby orbits, and derive the error performance expressions to
assess the potential of cooperative techniques in RIS-assisted
THz ISLs and validate them with simulation results.
A. Contributions
The use of RIS-empowered THz band in LEO satellite ISLs
is a promising tool to address high power consumption and low
diversity order problems of a single ISL. The contributions of
this study is summarized as below:
Contribution 1: In this study, the use of RIS in THz
communication systems is recommended. This will enable
the efficient transmission of the THz waves, which suffer
from a high path loss. As shown in [14], the effective path
loss exponent can be reduced by the use of RISs in wireless
communication links.
Contribution 2: Firstly, we focus on the single RIS-assisted
THz ISLs to enhance the power efficiency of the LEO satellite
networks, as well as to improve the achievable data rates.
Furthermore, we consider the misalignment fading, which will
be observed in high velocity satellite systems utilizing narrow
THz beams, in the performance analysis.
Contribution 3: The satellite networks seem to include
a massive number of satellites and CubeSats. For example,
SpaceX is planning to deploy 1600 satellites for Starlink’s ini-
tial phase and, SpaceX additionally proposes launching extra
7518 satellites in the orbit with an altitude of 340 km [15]. A
cooperative communication paradigm seems to be appropriate
for more efficient and effective use of a network with such
a large number of satellites. Therefore, utilizing RIS-assisted
THz satellite networks in a cooperative manner is addressed in
this study. It is shown that benefiting from the cooperation of
multiple satellites enhances the power efficiency for a constant
bit error probability.
Contribution 4: Considering Starlink and Iridium as two
sample systems, the performance analysis is carried out in
deference to their specifications given in Table I. Thus, the
performance results regarding the cases that Starlink and Irid-
ium satellite networks employ the proposed communication
framework which utilizes RISs and THz signaling in ISLs are
revealed.
B. Outline
The rest of this paper is organized as follows. In Section
II, we introduce the associated model of the ISLs in LEO
constellations in which intra-plane and inter-plane distance
models are overviewed. The communication model of the RIS-
assisted THz ISL links is given in Section III. The misalign-
ment fading model is given. Single RIS-assisted and multiple
RIS-assisted communication scenarios are considered. The
associated closed form error expressions are derived. Extensive
numerical results and observations are presented in Section IV.
Both single and multiple RIS aided cooperation scenarios are
considered. In Section V, the conclusions are drawn along with
a brief discussion of the related open issues.
II. INTER-SATELLITE LINKS IN LEO CONSTELLATION
Spreading THz waves in space causes a non-negligible loss
in the received power, so the distance between the receiver
and the transmitter is the most determining parameter of the
loss, which is proportional to the square of the distance. Thus,
we firstly find the probable distances between two satellites in
both Starlink and Iridium constellations, which are selected as
sample networks for this study.
According to the target constellations, the LEO satellites
can be positioned at different distances, possible far away
from each other. The possible inter-satellite distances can be
investigated in three cases: time-invariant distances between
two neighboring satellites in the same orbit (Fig. 2(a)), the
nearest distance when one of the satellites is located just over
one of the poles (Fig. 2(b)), the farthest distance when one
of the satellites is just over the equator (Fig. 2(c)) [16]. It
is obvious that any possible distance between two satellites
in nearby orbits lies in between dnearest and dfarthest. The
first three cases are investigated below. In this study, two
extreme cases are investigated to reveal the performance limits.
Throughout the study, dintra, dnearest, and dfarthest stand
for the inter-satellite distance for an orbit, the shortest and
longest distances in between two satellites in nearby orbits,
respectively.
A. Intra-plane Case
The satellites in the same orbit follow each other with the
same distance as shown in Fig. 2(a). The distance from the
Earth center to the satellite, with the Earth radius re, is shown
by re+rs. The angle between two neighboring satellites in the
same orbit, θ = 360
◦
Nsat
, where Nsat represents the total number
of satellites in the orbit. Since the distances to Earth center are
the same for each satellite, the angle between the line from
center to satellite and the satellite to satellite line is calculated
by
ϕ =
180◦ − θ
2
. (1)
By using the law of sines,
dintra =
(re + rs)× sin(θ)
sin(ϕ)
, (2)
where dintra denotes the distance between two neighbor satel-
lites in the same orbit.
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Fig. 2. Satellites can be located in various positions in orbits relative to each other. Three of them are: (a) intra-plane distance, (b) the nearest, and (c)
the farthest. While the distance between the satellites in the same orbit is constant throughout the movement, the distance between the satellites in the two
neighboring orbits changes with time. Two extreme examples of the nearest and farthest are shown.
B. Inter-plane Case
In this section, the minimum and maximum distances be-
tween satellites in the nearby orbits are investigated to reveal
the upper and lower limits.
1) The Nearest Case: Where two satellites in different
orbits are closest to each other, one of the satellites is directly
above the north or south pole. It should be noted at this point
that although Starlink satellites do not pass exactly over the
pole points, it is worth to say that, for example, the north-east
orbits form virtual poles above the north and south 53rd-degree
latitudes. This scenario is illustrated in Fig. 2(b). Likewise the
intra-plane case, the nearest distance is found by applying the
law of sines as
dnearest =
(re + rs)× sin( θ2 )
sin(ϕ)
, (3)
where θ2 and ϕ =
180−θ/2
2 are half of the angle between
the line from center to satellite and the angle between the
inter-satellite line and the line through the center of the Earth,
respectively.
2) The Farthest Case: When the satellite positions at just
over the equator, the distance to the satellite in neighbor orbit
becomes maximum as seen in Fig. 2(c). The distance from the
center of Earth to the point P is calculated by using Pythagoras
theorem as
|OP | =
√
(re + rs)2 −
(
dintra
2
)2
. (4)
Then, the distance between the satellite in orbit 2 and the point
P is
dSP =
√
(re + rs)2 + |OP |2 − 2(re + rs)|OP | cos(Ψ) (5)
where Ψ is the angle between two nearby orbits. Therefore, Ψ
is equal to 180
◦
Norbit
for a constellation with Norbit orbits. Finally,
the farthest distance between satellites is deduced as
dfarthest =
√
d2SP +
(
dintra
2
)2
. (6)
TABLE I
THE DISTANCES FOR IRIDIUM AND STARLINK CONSTELLATIONS.
Specifications Iridium Starlink*
rs (km) 781 1150
Nsat 11 50
Norbit 6 32
θ 32.73◦ 7.2◦
Ψ 30◦ 5.625◦
dintra (km) 4034 945.4
dnearest (km) 2037.8 472.93
dfarthest (km) 4162.8 876.57
*The values are given according to the first phase of Starlink.
As an example, the distances are shown in Table I for
the two example satellite constellations: Starlink and Iridium.
Since Starlink has more orbits and satellites per orbit, the
distances are relatively short compared to Iridium satellite
network.
III. RIS-ASSISTED TERAHERTZ WIRELESS
COMMUNICATION IN INTER-SATELLITE LINKS
In this section, RIS-assisted THz ISLs are considered under
the misalignment fading due to sharp beams of THz antennas
and high relative velocity of LEO satellites. To the best knowl-
edge of the authors, this study provides error performance
analysis for RIS-assisted THz ISLs in LEO satellite networks
for the first time in the literature.
A. Misalignment Fading
Since THz antennas creates pencil sharp beams and the
motion of LEO satellites with high velocity around 28× 103
kph, the possible misalignment fading should be considered in
THz-empowered ISLs. Under the circular beam assumption,
considering beams with the radial distance, r, between their
centers on the x-y plane, the misalignment coefficient ζ can
be expressed as [17]
ζ(r; d) ≈ Ao exp
(
− 2r
2
w2eq
)
, (7)
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Fig. 3. The beam misalignment illustration for the receiver’s effective area
with radius ra and the transmitter’s beam footprint at distance d shown by
rd when the presence of the pointing error r.
where
A0 =
[
erf
(√
pira√
2rd
)]2
,
w2eq =r
2
d
erf
(√
pira√
2rd
)
√
2ra
rd
exp
(
−pir2a
2r2d
) . (8)
A0, weq , and rd denote the collected power fraction in the
aligned case (i.e., r = 0), equivalent beam width, and the
beam waist at distance d, respectively. ra is the radius of the
receiver antenna effective area, which under the circular area
assumption, it can be expressed by modifying antenna aperture
area equation [18] as follows
Ae = pir
2
a =
λ2
4pi
G, (9)
then,
ra =
λ
2pi
√
G, (10)
where G denotes the antenna gain. Due to the fact that the
displacement in both directions follow independent identical
Gaussian distribution, the radial distance, r, can be modeled
by Rayleigh distribution as
fr(r) =
r
σ2s
exp
(
− r
2
2σ2s
)
, r > 0, (11)
where σ2s stands for the receiver’s jitter variance. By jointly
utilizing (7) and (11), the misalignment fading is introduced
as follows
fζ(y) =
κ2
Aκ
2
0
yκ
2−1, 0 ≤ y ≤ A0, (12)
where κ =
w2eq
2σ2s
[19]. Thus, jitter variance appears as an
important parameter affecting communication performance.
Sat-MSat-1
Sat-DSat-S
RIS-assisted 
satellites
dSR1
dSRM dR  D1 dR  DM
Fig. 4. The illustration for the simultaneous multiple RIS-assisted satellite
communication framework consisting a source (Sat-S), destination (Sat-D),
and M satellites equipped with RIS.
B. Single RIS-assisted Wireless Channel and Associated Per-
formance Analysis
Under the flat fading assumption, the signal received by the
destination node for N -element RIS is expressed as follows
r =
√
ptPL
(
N∑
i=1
ρSRi e
jφiρRDi ζ
SR
i ζ
RD
i
)
x+ n, (13)
where ρSRi and ρ
RD
i denote the channel impulse responses.
The phase shift adjusted by ith element of RIS is represented
by φi. x is the data symbol from possible constellation of
an M -ary phase shift keying (PSK) or quadrature amplitude
modulation (QAM). n is zero-mean complex additive white
Gaussian noise (AWGN) with variance of N0. φi is the
adjustable phase shifts created by the ith-elements of RIS.
ζSRi and ζ
RD
i stand for the misalignment fading in the links
source-to-RIS and RIS-to-destination. Also, pt and PL are the
transmit power of source and the total path loss through the
path propagating by the signal, respectively. The total path
length is d2SR + d
2
RD in the near-field behavior; however, it
becomes d2SR×d2RD under the far-field of RIS [20]. The path
loss in the free-space is expressed as
PL =
((
λ
4pi
)4
GiGr
d2SRd
2
RD
p
)−1
, (14)
where Gi and Gr are gains in the direction of incoming and
receiving waves, which are chosen as 30 dBi for 350 GHz
operating frequency as given in [21]. λ denotes the wavelength
corresponding to propagation frequency of wave, p stands for
the efficiency of RIS. For the lossless RIS, p is equal to 1.
By rewriting the channel impulse responses in terms of
channel amplitudes and phases as ρSRi = α
SR
i e
−jβSRi and
ρRDi = α
RD
i e
−jβRDi , (15) can be expressed as follows
r =
√
ptPL
(
N∑
i=1
αSRi α
RD
i e
j(φi−βSRi −βRDi )ζSRi ζ
RD
i
)
x+ n.
(15)
Then, the instantaneous signal–to–noise ratio (SNR) observed
at the receiver as
γ =
pt
∣∣∣√PL (∑Ni=1 αSRi αRDi ejψζSRi ζRDi )∣∣∣2
N0
, (16)
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Fig. 5. The illustration for the consecutive multiple RIS-assisted satellite
communication framework consisting a source (Sat-S), destination (Sat-D),
and M satellites equipped with RIS, which are in the same orbit.
where ψ = φi − βSRi − βRDi and it is zero for the maximum
instantaneous SNR as
γmax =
pt
∣∣∣√PL (∑Ni=1 αSRi αRDi ζSRi ζRDi )∣∣∣2
N0
=
A2pt
N0
,
(17)
where αSRi and α
RD
i follow the Rician distribution which
is possibly observed in the space communication due to the
presence of high power line of sight (LOS) link with non–line
of sight (NLOS) links reflected from other space things. ζSRi
and ζRDi are the misalignment fading coefficients following
the distribution given in (12). According to the central limit
theorem (CLT), variable A follows the Gaussian distribution
for N  1 with the mean and variance given in (18), where
L1/2(·) stands for the Laguerre polynomials of degree 1/2. As
A follows the Gaussian distribution, SNR is non-central chi-
square distributed with one degree of freedom. To evaluate the
bit error probability (BEP), the moment generating function
(MGF) of non-central chi-square distribution [22] is utilized
as given in (19). By utilizing the symbol error probability
(SEP) expression for M -PSK signals given in [23], the error
probability for binary phase shift keying (BPSK) is obtained as
in (20). It implies that the error probability degrades inversely
N2 while it proportionally increases with (σ2s)
4 due to the
term κ in the equation.
C. Multiple RIS-assisted Wireless Channel and Associated
Performance Analysis
In this section, we investigate the performance for the
multiple RIS-assisted satellite networks. Firstly, likewise [14],
we derive a mathematical expression of the error probability
for a simultaneous transmission over M independent RISs.
Then, we analyse the error performance for the transmission
path consisting M reflections over consecutive RISs.
1) Simultaneous Transmission over M independent RISs:
For the scenario depicted in Fig. 4, the received signal can be
expressed as
r =
√
pt
[
M∑
k=1
√
PLk
(
Nk∑
i=1
αSRki α
RkD
i,k e
jψkζSRki,k ζ
RkD
i,k
)]
x+ n,
(21)
where each element of equation is the same as in (15) for k-th
RIS. Similarly (22), the maximum instantaneous SNR is given
as
γmax =
pt
∣∣∣∑Mk=1 [√PLk (∑Nki=1 αSRki,k αRkDi,k ζSRki,k ζRkDi,k )]∣∣∣2
N0
=
A2pt
N0
. (22)
By taking CLT into account for Nk  1,∀k = 1, 2, · · · ,M ,
it can be said that A follows Gaussian distribution with the
mean and variance given as in (23). Similar to the single RIS-
assisted communication performance analysis, we can derive
the error probability as stated in (24), which implies that the
error performance increases in proportion to the square of the
total reflective elements in accordance with [14].
2) Transmission over M Consecutive RIS-assisted Satel-
lites: The double-RIS reflected transmission proposed in [14]
is generalized for M consecutive RIS reflections as depicted
in Fig. 5. Considering the baseband equivalent received signal
given in [14], we can generalize the received signal passing
through a path consisting M consecutive RIS reflections as
follows
r =
√
ptPL
[
N∑
i1=1
N∑
i2=1
· · ·
N∑
iM=1
αi1...iM e
jψ
]
x+ n, (25)
where αi1...iM and ψ denote the overall channel amplitude and
overall channel phase along with the reconfiguration phases of
RISs. It should be noticed that the transmitter and receiver are
fully aligned in this case. Configuring as ψ = 0, the maximum
instantaneous SNR is obtained as
γmax =
pt
∣∣∣√PL [∑Ni1=1∑Ni2=1 · · ·∑NiM=1 αi1...iM ]∣∣∣2
N0
=
A2pt
N0
. (26)
For N  1, A follows Gaussian distribution with mean and
variance given as
E [A] =
NM
√
PLpi√
4 (1 +K)
L1/2 (−K) ,
Var [A] =NMPL
(
1− pi
4 (1 +K)
(
L1/2 (−K)
)2)
. (27)
6E [A] =
N
√
PL
2 (1 +K)
pi
2
(
L1/2 (−K)
)2 κ4
(κ2 + 1)
2A
2
0,
Var [A] =NPL
A40 κ4
(κ2 + 2)
2 −
[
pi
4 (1 +K)
(
L1/2 (−K)
)2 κ4
(κ2 + 1)
2A
2
0
]2 (18)
Mγmax(s) =
exp
− ptN0 N2PLpi216(1+K)2 (L1/2(−K))4 κ8(κ2+1)4A40
1−2s PtN0NPL
(
A40κ
4
(σ2+2)2
−
[
pi
4(1+K) (L1/2(−K))
2 κ4
(κ2+1)2
A20
]2)

√
1− 2s PtN0NPL
(
A40κ
4
(κ2+2)2
−
[
pi
4(K+1)
(
L1/2(−K)
)2 κ4
(κ2+1)2
A20
]2) . (19)
Pe =
1
pi
∫ pi/2
0
exp
− ptN0 N2PLpi216(1+K)2 (L1/2(−K))4 κ8(κ2+1)4A40
1+2 sin2(ω) PtN0
NPL
(
A40κ
4
(σ2+2)2
−
[
pi
4(1+K) (L1/2(−K))
2 κ4
(κ2+1)2
A20
]2)

√
1 + 2 sin2(ω) PtN0NPL
(
A40κ
4
(κ2+2)2
−
[
pi
4(K+1)
(
L1/2(−K)
)2 κ4
(κ2+1)2
A20
]2)dω. (20)
E [A] =
(
M∑
k=1
Nk
√
PLk
)
× pi
4 (1 +K)
(
L1/2 (−K)
)2 κ4
(κ2 + 1)
2A
2
0,
Var [A] =
(
M∑
k=1
NkPLk
)
×
A40 κ4
(κ2 + 2)
2 −
[
pi
4 (1 +K)
(
L1/2 (−K)
)2 κ4
(κ2 + 1)
2A
2
0
]2 (23)
Pe =
1
pi
∫ pi/2
0
exp
− (∑Mk=1Nk√PLk)2 ptN0 pi216(1+K)2 (L1/2(−K))4 κ8(κ2+1)4A40
1+2 sin2(ω) PtN0 (
∑M
k=1NkPLk)
(
A40κ
4
(σ2+2)2
−
[
pi
4(1+K) (L1/2(−K))
2 κ4
(κ2+1)2
A20
]2)

√
1 + 2 sin2(ω) PtN0
(∑M
k=1NkPLk
)(
A40κ
4
(κ2+2)2
−
[
pi
4(K+1)
(
L1/2(−K)
)2 κ4
(κ2+1)2
A20
]2)dω. (24)
By applying same procedure as in Section III-C1, the error
probability is obtained as
Pe =
1
pi
∫ pi/2
0
exp
− N2MPLpi4(1+K)L21/2(−K)
1+2
NMPL
sin2(ω)
(
1− pi
4(1+K)
L2
1/2
(−K)
)

√
1 + 2 N
MPL
sin2(ω)
(
1− pi4(1+K)L21/2 (−K)
)dω.
(28)
IV. NUMERICAL RESULTS AND DISCUSSION
In this section, the numerical results regarding theoretical
findings in Section III. It should be noted that during the
studies carried out in this section, the operating frequency of
the system has been determined as 350 GHz and the gain
value for the antenna operating in frequency is 30 dBi given
in [21]. As mentioned, the channel amplitude coefficients
follow Rician distribution with parameter K = 10. First
of all, we investigate the error performance for single RIS-
assisted satellite constellations. Then, multiple RIS employed
in the satellite networks, and the communication performance
analyses are carried out regarding these scenarios.
A. Single RIS-assisted THz Inter-satellite Links
Firstly, THz ISLs over a single RIS is considered as depicted
in Fig. 1. In this case, there is no direct link between the source
and destination satellites, which is an acceptable assumption
considering the satellite constellations [15]. Due to fast relative
velocity and possible beam tracking errors, the misalignment
fading is required to be considered. Hence, in this section,
the misalignment fading is investigated for RIS-assisted THz
satellite networks. To the best knowledge of the authors, this
study firstly considers the misalignment fading in RIS-assisted
THz communications.
In the study, two basic satellite constellations, Starlink and
Iridium, are considered as examples and numerical results
7150 200 250 300 350 400 450 500
10-6
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100
Fig. 6. BER performance of single RIS-assisted Starlink constellation with
BPSK signaling over 1024-element RIS for fully aligned transmission and
transmission with some jitter variances.
are given over these example satellite network constellations.
Basically, the differences between these two constellations
result from the number of orbits and satellites in each orbit
are given in Table I.
We assume that the distances Sat-S to Sat-R and Sat-R to
Sat-D are equal to dintra, namely it can be thought that they
are in the same orbit. For Starlink constellation, dintra is 945.4
km while Iridium’s intra-satellite distance is 4034 km. Firstly,
the impact of misalignment fading on the error performance
is analysed comparing fully aligned system with some jitter
variances. Fig. 6 reveals that in parallel with [24], alignment
appears to be critical for THz communication systems.
For varying number of RIS elements, the error performances
are depicted in Fig. 7 for the system resembling Starlink
constellations. It can be observed that when the number of RIS
elements is doubled, 6 dB power is gained to satisfy the same
error performance as given in (20). Also, the misalignment
fading is investigated in Fig. 7(a) and Fig. 7(b). Firstly, σ2s
is assumed to be 1 m. Considering the results depicted in
both figures, when the jitter variance is increased 10 times,
40 dB more power must be used to ensure the same error
performance as shown in (20). These results show that THz
satellite networks should either use RIS with higher number
of elements or beam tracking methods that work with very
low errors at the expense of high computational cost must be
adopted. Similar behaviors are observed in Fig. 8 for Iridium
constellation but path loss is higher since it has longer intra-
satellite distances than Starlink constellation. As a result, more
output power is needed to compensate for path loss.
B. Multiple RIS-assisted THz Inter-satellite Links
By utilizing cooperation in satellite networks since they are
planned to be densely connected with each other, multiple
satellites equipped with RIS can be employed in the cooper-
ative manner. Thus, the diversity order can escalate. For this
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Fig. 7. BER performance of single RIS-assisted Starlink constellation for
different RIS sizes under BPSK signaling and the misalignment fading with
receiver’s jitter variances of (a) σ2s = 1m, (b) σ
2
s = 10m.
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Fig. 8. BER performance of single RIS-assisted Iridium constellation for
different RIS sizes under BPSK signaling and the misalignment fading with
receiver’s jitter variances of (a) σ2s = 1m, (b) σ
2
s = 10m.
aim, we investigate two different cases. First, simultaneous
transmission over multiple satellites and then, transmission
over M consecutive satellites are studied.
1) Performance Analysis for Simultaneous Transmission
over Multiple Satellites: As depicted in Fig. 4, M satellites
equipped with RIS can simultaneously transmit the incident
signal to the destination satellite by increasing diversity order
and dropping down the path loss exponent [11]. (24) clearly
shows that the error probability is inversely proportional with
the square of the total number of RIS elements. It should be
noted that in the light of (24), the misalignment fading remains
same as single RIS case. In this scenario, M is selected as 2
with varying number of RIS elements. It is assumed that each
distance is equal to dintra; hence, PLk = PL, ∀k = 1, 2. Also,
the number of RIS element is selected as same. In Fig. 9 and
Fig. 10, the error performances are investigated for Starlink
and Iridium constellations, respectively. In this case, the error
rate is proportional with (2N)−2. As a result, the same error
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Fig. 9. BER performance of double simultaneous RISs-assisted Starlink con-
stellation for different RIS sizes under BPSK signaling and the misalignment
fading with receiver’s jitter variances of (a) σ2s = 1m, (b) σ
2
s = 10m. The
distances are assumed as dintra.
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Fig. 10. BER performance of double simultaneous RISs-assisted Iridium con-
stellation for different RIS sizes under BPSK signaling and the misalignment
fading with receiver’s jitter variances of (a) σ2s = 1m and (b) σ
2
s = 10m.
The distances are assumed as dintra.
rate can be achieved with 6 dB less power compared to single
RIS case.
For the achievable rate analysis, dSR1 and dR1D is set
to dintra. dSR2 and dR2D vary from dnearest to dfarthest
to create a scenario such that Sat-S, Sat-1, and Sat-D are
consecutive satellites in the same orbit while Sat-2 is in the
nearby orbit. Fig. 11 and Fig. 12 denote achievable rate for
Starlink and Iridium satellites equipped with 1024-elements
RISs for the satellite position between two extreme distances.
As expected, the maximum rate is achieved when the distances
are minimum. A 10-fold increase in misalignment fading
causes the maximum achievable data rate to decrease by 5
bits/s/Hz. For THz band, this decrease cannot be overlooked
since the total data rate decrease reaches 300 Gbps for 60
GHz bandwidth. Owing to fact that the path loss between two
consecutive satellites in Starlink is less than Iridium network,
the achievable rate for Iridium constellation is less. Consid-
ering the cost of construction and maintenance of satellites,
increasing the number of satellites in each orbit cannot be
feasible. Therefore, increasing the number of RIS elements
on each satellite can provide cost-effective solution to reach
the desired achievable rate.
2) Performance Analysis for Transmission overM Consec-
utive Satellites: Finally, the transmission sequentially through
satellites scenario in the same orbit is investigated because
satellite networks are designed to allow communication be-
tween different orbits in a limited way while allowing easy
transmission on the same orbit [15]. In this scenario, since
all satellites are in the same orbit, the distance between the
satellites is constant, so path losses between satellites can be
considered equal. It should be noticed that the fully aligned
case is considered in this scenario.
As (28) implies that Pe ∝ N2M , increasing number of con-
secutive satellites significantly improves error performance.
For example, increasing from M = 2 to M = 4 results in
approximately 120 dB power gain when 1024-element RISs
are employed in satellite networks. This result are obviously
seen in Fig. 13. As seen in Fig. 13, when the number of RIS
elements is doubled, the power gain is 12 dB and 24 dB for
M = 2 and M = 4, respectively. These results indicate that
the power gain in transmission along the orbit can increase
significantly.
V. CONCLUSIONS
In this study, a solution to both frequency scarcity and
low-complexity system design is proposed by the use of RIS
and THz waves together in links between LEO satellites. It
is possible to increase the achievable rates due to the ultra-
wide bandwidth provided by the THz wave and the RIS
acting like N-elements virtual MIMO system. It also appears
that error probability decreases inversely proportional to the
square of the number of elements of RIS. We consider the
misalignment fading, which is possibly faced in the THz LEO
satellite networks, in our mathematical expressions, which
are validated with simulation results. Our study shows that
misalignment between the antennas gives rise to a severe drop
in the received power. This indicates that a beam tracker is
needed to ensure a convenient alignment system between the
antennas. In addition, considering the node density of the next-
generation LEO satellites networks, cooperative communica-
tion techniques emerge as a promising tool to improve the
ISL performances. The performance of simultaneous and con-
secutive transmission over satellites equipped with more than
one RIS is investigated. The derived mathematical expressions
and simulation results denote that an increase in the number
of RISs can reduce the required transmission power targeting
the same error probability.
As a future work, a path that can minimize the target
performance metrics, such as the round trip time, can be
investigated by using RISs with an optimization framework.
Thus, RISs can be used not only to improve communication
performance but also to address other requirements, such as
reducing the latency between the two nodes. By modeling this
9(a) (b)
Fig. 11. Achievable data rate performance double simultaneous RISs-assisted Starlink constellation for varying distances (i.e., dSR2 and dR2D) from dnearest
to dfarthest under two misalignment cases: (a) σ2s = 1m and (b) σ
2
s = 10m when N = 1024. dSR1 and dR1D are kept constant as dintra.
(a) (b)
Fig. 12. Achievable data rate performance double simultaneous RISs-assisted Iridium constellation for varying distances (i.e., dSR2 and dR2D) from dnearest
to dfarthest under two misalignment cases: (a) σ2s = 1m, (b) σ
2
s = 10m when N = 1024. dSR1 and dR1D are kept constant as dintra.
problem as traveling sales man problem, the path satisfying the
minimum latency can be solved by the mixed integer nonlinear
programming. Furthermore, a performance analysis is needed
when satellites move through their orbits, and can be obtained
by utilizing orbit modeling tools, such as SaVi.
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